ABSTRACT: Micro-relief surface depression storage is one of the dynamic components of the rainfall-runoff process. The quantification of the effect of rainfall intensity and duration on the micro-relief was the subject of this study. Micro-relief measurements were made on 88 soil bin samples before and after the application of simulated rainfall events. The surface depression changes are described with empirical equations, using basic rainfall, surface hydrology, and soil parameters and their cross products as independent variables. A rainfall-runoff model demonstrates the value of a dynamic description of the surface depression storage function. (KEY TERMS: hydrology; micro-relief; surface storage; depression storage; rainfall simulation; hydrologic modeling.)
In the rainfall-runoff process, water, in the form of rainfall, is delivered to the surface of the earth in amounts that vary spatially and temporally. A part of this rainfall is intercepted and held by the vegetal cover for future disposition through evaporation. The water that reaches the ground infiltrates into the soil at a rate dependent upon the infiltration capacity of the soil at that time. If the rainfall intensity exceeds the infiltration capacity of the soil, the micro-relief surface depressions will be filled. When this depression storage is filled and exceeded, the water level builds up on the surface and runoff begins. The surface runoff continues to watershed elements of lower elevation depending upon the rainfall, infiltration, and micro-and macro-relief of successively lower elements.
All of the phenomena may proceed at varying rates depending upon the physical conditions. For instance, if rainfall decreases to a sufficiently low rate, infiltration may exceed rainfall and depression storage will be drained. Then, when the next burst of rainfall occurs, the depression storage must be replenished before surface runoff can begin. Conversely, rainfall may continue at a rate large enough to keep the surface depressions full until the storm ends. In that case the depression storage is filled only once during a storm rather than several times.
A number of investigators have developed models that evaluate many hydrologic phenomena separately within discrete subareas to obtain a prediction of the runoff hydrograph for a watershed. Such models were presented by Crawford and Unsley (I 966), Huggins and Monke (1966) , Holtan, et al. (I 975) , and Massie (I 975). The effect of the various phenomena are evaluated for each subarea as are their effect on adjacent subareas. The resulting runoff is accumulated area by area in small time increments to obtain a runoff hydrograph at the outlet. Many of the conceptual models contain sections describing the effect of surface depression storage, but few present quantitative data adequate to describe values of surface depression storage either before or during a rainfall event.
This paper describes studies conducted to determine the effect of rainfall intensity and duration on micro-relief surface depression storage. Prediction equations are developed to describe the change in the maximum micro-relief surface depression depth, the microrelief surface depression storage, and the depth-storage model parameters as affected by rainfall, surface hydrology, and soil variables. Methods of application of the equations are suggested and a basic rainfall-runoff model demonstrates the effects of a dynamic description of the surface depression storage function.
EQUIPMENT
To study the effect of rainfall amount and duration on the change in micro-relief surface depression storage, it was necessary to control the rainfall production, the soil surface before rainfall, and the measurement of the soil surface before and after rainfall. The equipment was located in a 32-foot drop tower as described by Bubenzer (I 970), Bubenzer and Jones ( 1971) , and Mitchell ( 1970) . The rainfall production system consisted of drop modules that produced drops with a mean diameter of 3.42 mm and provided rainfall rates of 3 to 15 inches per hour. A 3-foot square soil bin with soil depth of twelve inches, and runoff and percolation tanks and recorders to give time-depth relationships were located at the bottom of the tower.
The soil surfaces were measured using a profile measuring device (PMD) that was developed at the University of Illinois specifically for this study. Details of construction and operation and the preliminary testing and calibration were described by Mitchell (1970) and Mitchell and Jones (I 973) . Basically the PMD automatically measured, on a l-inch grid, the height of points in a 36-inch by 36-inch square.
PRELIMINARY STUDIES
Four modules were used to produce the simulated rainfall. An analysis of the variability of flow rate between the modules showed that the rainfall rate was equal.
The simulated rainfall was analyzed to determine the drop diameters produr.ed and the variation in amounts and intensities as described by Mitchell (1970) . At the mean intensity of 9.48 inches per hour the mean drop diameter was 3.42 mm and the drop diameter increased (decreased) 0.056 mm for each unit of rainfall intensity increase (decrease)from the mean.
Tests were made using material from four major soils of Illinois: Flanagan and Cisne silt loams, Sparta loamy sand, and Darwin silty clay.
Flanagan silt loam is a member of the Sidell, Catlin, Flanagan, Drummer association of soils which were formed under grass vegetation. This soil is a black prairie soil formed from thirty-six to sixty inches of loess over Wisconsin till. It occurs on slopes of I to 3 percent.
Cisne silt loam is a brownish-gray upland soil developed under grass vegetation on slopes of less than I \-1. percent. This soil occurs in association with Huey silt loam and Hoyleton silt loam. It was formed from loess less than 45 inches thick over weathered Illinoian till.
Sparta loamy sand is a moderately dark colored terrace soil developed under grass vegetation on slopes ranging from 1 to 7 percent.
Darwin silty clay is one of the soils found in stream valleys in Illinois. The surface is a very dark gray silty clay overlaying a gray to olive-gray silty clay subsoil. Slopes range from 0 to 2 percent.
Extensive soil samples were taken at each site for laboratory analysis. Mechanical analyses of the soil were made to determine the proportion of sand, silt, and clay. The results are shown in Table I . 
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METHODS
Experimental Design
A bin of soil was subjected to rainfall intensities of 3, 6, 9, 12, or 15 inches per hour and durations of 10, 20, 30, or 50 minutes for most intensity-duration combinations. Two soil surfaces were tested, one medium and one rough. The order of runs within a soil type was selected randomly.
Eighty-eight runs were conducted: 20 on Flanagan silt loam, 24 on Cisne silt loam, 20 on Sparta loamy sand, and 24 on Darwin silty clay. The IS iph intensity was abandoned after observing the results on Flanagan silt loam. Runs were not conducted on the Sparta soil at 12 iph intensity for greater than 10 minutes duration or for 9 iph intensity-50 minute duration because the Sparta soil became nearly flat at medium intensityduration combinations.
Test Procedure
A complete test run consisted of many different steps and measurements which are summarized here. The detailed procedure is presented by Mitchell (I 970).
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The simulated rainfall was started at the desired intensity, and the system was allowed a minimum of 30 minutes to reach equilibrium conditions. Rainfall was collected and measured in a 3-x 3-foot raingage for a period of approximately one hour to determine the exact rainfall intensity produced.
The soil being tested was tilled with hand tools to a depth of approximately 8 inches to prepare the desired roughness. After tillage, a soil moisture sample was taken, the soil bin was weighed, and the initial soil surface configuration was measured with the PMD. Next the soil bin with its splash shield was covered and placed in the drop tower. and the runoff and percolation collection tanks were connected. Finally, the soil bin cover was removed and the duration timing begun. At the end of the specified rainfall duration the cover was replaced and the covered soil bin was left in the drop tower until runoff ceased and percolation decreased to a small rate. When the soil bin was removed from the drop tower, another rainfall intensity measurement and soil moisture sample were taken and the soil bin was weighed. Then the final soil configuration was measured using the PMD.
Data Reduction
Six samples were taken from each simulated rainfall test to determine rainfall intensity. Water level recorder charts were transcribed to obtain peak and volume of both runoff and percolation.
The PMD data were processed to obtain depth-storage values on the assumption that each point measurement was the center of a l-inch square level surface as described by Mitchell and Jones (1976) 
The average surface storage, in inches, at any reference height is, then, the accumulative storage computed by Equation (1 ), divided by the total surface area.
The depth-storage data from each PMD run were then fitted with the depth-storage model selected by Mitchell and Jones (197 6 The soil bin weight before and after a test, the rainfall applied, and the runoff and percolation volumes were used to indicate the accuracy of the overall water measurement system. This relationship is described as follows:
where:
W b weight of soil bin before rainfall, Ra weight of rainfall applied, ~ weight of runoff collected, P weight of percolation collected, W a weight of soil bin after rainfall, and e discrepancy.
The discrepancy was converted to inches of water over the soil surface and was further described as a percentage of the rainfall applied. The discrepancy range was 0.03 to 36.4 percent, but the average discrepancy was 6.1 percent with only 10 of the 88 runs greater than 10 percent.
Infiltration volumes were obtained indirectly, using the rainfall applied, the runoff volume, and the depression storage at the end of the rainfall period. If runoff was occurring at the end of the rainfall period, the infiltration volume was calculated as the rainfall applied minus the runoff volume minus the volume of depression storage to the depth of equal cut-and-fill. If runoff did not occur, the inflltration volume was considered to be equal to the rainfall volume.
RESULTS AND DISCUSSION
The controlled rainfall intensity and duration used in the study were considered first in the analyses. An initial study using Flanagan silt loam (Mitchell, 1970) showed that these two variables explained 40 to 50 percent of the variation in the soil surface configuration. Rainfall energy, momentum and mass relationships were also considered in the initial investigation of significant independent variables. However, they did not improve the description of soil surface configuration changes when compared to rainfall intensity and duration as independent variables.
Visual representation of a soil surface is shown in Figure 1 . The computer drawn figure shows the soil surface before and after the approximately 9-iph intensity, 30 minute rainfall for one repetition of the Cisne silt loam soil test.
The extent of the changes in maximum depth and maximum storage with rainfall intensity and duration changes for each soil type tested are presented in Tables 2 through 5 "' for a rough surface relief. In all but one case. the maximum depth decreased during the rainfall event. as would be expected. Except for tiL·ee cases on Darwin silty clay soil. the maximum storage decreased during the rainfall event. The exceptions result from a change in the nature of the surface because of the rainfall event or are a result of the soil rneasuremen t variability. Multiple regression analyses were performed to determine empirical relationships of the parameters effecting changes in the soil surface contlguration during a rainfall event.
The variables considered were as follows: 1. LID/D 0 . the change in maximum soil surface depth divided by the initial maximum soil surface depth.
2. LIS/S 0 . the change in maximum surface depression storage divided by the initial max unum surface depression storage.
3. Lla/a 0 . the change in parameter a of Equation (2) divided by the initial value of parameter a.
-L Llb/h 0 . the change in parameter\)_ of Equation (2) divided by the initial value of the parameter b. 5. I. the rainfall intensity in inches per hour. 6. T. the rainfall duration in hours. 7. QR and Qp. the peak rates of runoff and percolation. respectively. during the rainfall event in inches per hour.
~. V R. V 1 . and V p. the volumes of runoff. infil !ration and percolation. respectively, during the rainfall event in inches.
9. M 0 • the initial soil moisture content in percent (dry basis). I 0. P sa and P cl· the percent sand and clay size particles. respectively, in the soil tested.
A stepwise regression procedure was used to determine the relative importance of each term. Several different equation forms --linear. logarithmic. and polynomial -were at tempted in the analysis. Early attempts showed that the logarithmic terms gave no better relationships than the linear relationships. when both ease of use and correlation coetlicients were considered. Some polynomial terms and some cross product terms of the independent variables provided the best fit to the change in soil configuration data.
The results of the stepwise regression fit of the terms listed above are shown in Tables 6 through 10. The equations are the best fit prediction equations describing the change in maximum depth, maximum depression storage and the depth-storage model parameters <1_ and j:J_. Tables 6 through 9 give the prediction equations for each of the four soils tested while Table 10 contains the prediction equations for all the soil test runs analyzed together. The multiple correlation coefficient. R, and the level of significance is indicated for each equation.
Five of the ten steps of the stepwise regression analysis are shown for each dependent variable. A greater number of terms in the prediction equation provides a statistically better fit, but the equation soon becomes unwieldly and does not significantly improve the quality of fit.
An examination of the tables reveals that the same terms do not necessarily appear for the same dependent variable across soil types. For instance, for the equations for change in maximum depth, LID/D 0 , the first term entered in Table 6 is TVRVI and in Table 9 ... 
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variables between soils. cx.:ept for the 0R3 term between Flanagan and Darwin soils for the .:hange in depth-storage model parameter_!). Peak runoff rate. OR· and volume of runoff. V R. are evident in many of the terms. indkating the importance of a runoff clement for des.:ribing the changes. Rainfall intensity. I. and duration. T. are present singly or as a cross product in all soil equation groups: except for the change in maximum storage. !:::.S/S 0 • equations for the Cisne soil.
An examination of the equation terms for a particular dependent variable across soil types (Tables 6 through 9 ) and for the pooled data (Table I 0) reveals much the same situation discussed in the previous paragraph. The lack of agreement of terms between soils results from the attempts to create terms with the greatest statistical significance using many combinations of parameters. Each of these searches for the most significant terms was done first within a soil type and then with the data for all soils as a group. This resulted in equation terms that are characteristic of the reaction of that soil under the conditions tested.
Similarities of equation terms within a soil type are interesting, if not conclusive. For Flanagan silt loam (Table 6 ), rainfall duration, T, volume of infiltration, VI, and peak rate of runoff. OR-seem important. For Cisne silt loam (Table 7) , initial soil moisture, M 0 , the V ROP term. and rainfall duration, T, are most evident. The importance of M 0 to Cisne silt loam. as compared to Flanagan silt loam, may be because Cisne has low organic matter which causes it to crust. The crusting tendency and the percent clay difference interact to cause different terms to be important although Flanagan and Cisne are both silt loams. Rainfall intensity, I, and duration, T; peak rate, QR, and volume, VR, of runoff; and initial soil moisture, M 0 , are evident in the equations for all dependent variables for the Sparta loamy sand (Table 8 ). The variables M 0 , I, and T are evident in the last equations for all dependent variables for Darwin silty clay (Table 9 ), although no term seems consistently important in the earlier stage of the development of the equations.
For the pooled data equations (Table 10) In many equations terms are present that indicate a relationship near to what one might expect. Fifty-eight equations have terms containing rainfall intensity, I, or duration, T, singly or in combination with one other parameter. The peak rate of runoff parameter, QR, is evident in twenty-five of the equations as a single term and in several other equations in combination with other parameters. A similar situation may be observed with the other parameters used singly as equation terms and used as cross products with other parameters to provide equation terms.
Several equation terms are presented, however, that are difficult to relate to physical phenomena, especially those terms that are cross products of several parameters. This results, of course, from the statistical treatment of the prediction equation development. A few equations are presented that one may find difficult to understand, for instance Equations (24), (29), and (59), which have only the initial soil moisture term, M 0 , and Equations (84) and (89), which have a cross product term of soil moisture and percent clay particles in the soil. Again, this results from the statistical treatment, and one should be wary of using statistically developed prediction equations beyond the limits of the conditions under which they were developed. These soils have inherent differences in the 793 way in which the micro-relief responds to the rainfall event. These differences are reflected in the equations selected as being the most significant.
APPLICATION TO WATERSHED MODELS
The relationships described in Tables 6 through I 0 may be used in computer watershed models that iterate in successive time increments. Such models update the values of rainfall intensity and duration; soil moisture; and runoff, infiltration, and percolation volumes and rates for each time increment. The micro-relief surface depression storage can also be changed and evaluated for each time increment.
Any method of including micro-relief surface depression storage values in a computer model requires an estimate of the initial value for maximum soil surface depth, D 0 , and, if deemed desirable, an estimate of the initial maximum micro-relief surface depression storage, S 0 . Equations similar to those presented by Mitchell and Jones (1976) , which use the initial values for D as independent variables can be used to estimate the initial values for the depth-storage curve parameters ~and Q_ in Equation (2). From the initial value of the maximum depth, the depth-storage relationship is then defined.
From the initial value of the maximum depth and the initial values of the depthstorage function parameters ~and Q_, the initial value of surface depression storage can be determined. The actual amount of the depression storage used will depend upon the rainfall characteristics and the infiltration that occurs during the time increment used in the model. If only a part of the available depression storage is used, the rest is available for the next time increment. Runoff will begin when the available storage is exceeded.
The equations in Tables 6 through I 0 can be used to estimate changes in micro-relief in computer watershed models. The particular table from which equations are selected will depend upon whether the equations for a particular soil are desired (Tables 6 through  9) or the modeler wishes to use the equations obtained from the pooled data (Table I 0) . Five equations are presented in each table for each of the four dependent variables. The particular equation selected to estimate the change in a micro-relief variable depends on the significance level desired and on the other hydrologic elements evaluated within the computer model. The change in micro-relief variable equations use other hydrologic data as independent variables; so those hydrologic elements must be evaluated in the watershed model if they are to be used in the equations defining the change in micro-relief. For instance, if peak percolation rate, Qp, is not determined in the watershed model, then an equation that includes Qp as an independent variable cannot be used.
In a watershed model several hydrologic phenomena, including the micro-relief, can be evaluated for each time increment. If a variable, such as the change in maximum depth, 6D/D 0 , requires the value of another phenomenon, that phenomenon may need to be estimated and an iterative procedure used to determine the final values.
At the end of each time increment, any one of several methods can be used to estimate the new surface depression function. In one approach the equations selected from Tables 6 through IO could be used to estimate the changes expected in maximum depth and in parameters~ and _Q of Equation (2): 6D/D 0 , 6a/a 0 , and 6b/b 0 , respectively. The changes multiplied by the initial values and added algebraically to the initial values would then provide the maximum depth and depth-storage curve parameter values of DI, a I, and bi that would be applicable at the end of the first time increment or at the start of the second time increment.
'.licro-Rclicf Surface Depression Storage Another approach would be to determine only the change in depth or perhaps the change in depth and the change in one depth-storage curve parameter over the time increment and obtain the revised values for these for the end of the time increment. The remaining depth-storage curve parameter values could be estimated in a manner similar to the initial estimate of the depth-storage curve parameters by using the equations presented by Mitchell and Jones ( 1976) .
The methods discussed previously could be used in successive time increment iterations to provide a continuing estimate of the depth-storage relationship of the micro-relief surface de pression storage.
}:):ample Application
A simple computer model was written to calculate surface storage, infiltration. and rainfall excess during the course of a recorded rainfall event. The model computed each element at time increments defined by a change in rainfall intensity. Infiltration capacity was used to calibrate the model to runoff records and maximum soil surface depth was varied for comparison. The results obtained from this model were infiltration rate and cumulative volume. cumulative volume of rainfall excess. and the surface storage used at each time increment during the storm.
Three storms. representing a range in duration from 10 to 56 hours and in precipitation from 2.51\ to 5.77 inches and having one or more high intensity-short duration periods, were selected from the Allerton watersheds in Piatt County, Illinois. The rainfall events were selected from spring rainfall records because the surface depression storage functions were developed from bare soil data and Central Illinois watersheds are bare in spring.
The infiltration function was defined using the Horton equation (Horton, 1939) :
where: 
Lytle (1955) determined values for the parameters of the Horton equation for the Allerton watersheds which have soils of the Drummer-Flanagan series. His data were used to obtain estimates of the initial infiltration rate, f 0 , and the constant, k, for an equation of:
Equation (105) was used in the model. varying fc to calibrate the model to fit therecorded runoff.
The equations used by Mitchell and Jones ( 1976) ( 107) Equation (2) was used to determine the maximum storage value. Sm. using the maximum depth value. Dm. The depth at which runoff would begin, C. was assumed to be the equal cut-and-fill depth (Mitchell and Jones. 1976) and was determined by the equation: ( 108) Because the Allerton watersheds have soils of the Drummer-Flanagan soil series. the change in maximum depth during a time increment was determined using Equation (7) from Table 6 . The value of the change in maximum depth, 60/0 0 • multiplied by the maximum depth at the start of the time increment was added algebraically to the initial maximum depth to obtain the maximum depth at the end of the time increment. Equations ( 106) and (I 07) were then used to obtain the depth-storage curve parameters_a and Q_ at the end of the time increment or at the start of the next time increment.
When infiltration rate exceeded rainfall intensity. no storage accumulated. When rainfall intensity was less than infiltration capacity and surface storage had previously accumulated. infiltration capacity was assumed over one-half the surface and the rainfall intensity was the infiltration rate on the remainder. When surface storage volume was exceeded, the volume exceeded was recorded as rainfall excess. No attempt was made to route this excess rainfall to a watershed outlet by overland flow.
For calibration purposes, the model was first run with an initial maximum depth of six inches and the final infiltration rate. fc. of Equation (105) was varied to obtain a rainfall excess volume approximately equal to the recorded runoff volume from one of the Allerton watersheds. Then the initial maximum depth, Dm, was varied from 0.0 to 12.0 inches to provide a comparison of the effects of different initial maximum depths. In all of the runs, the time increments correspond to the periods of rainfall intensity, with a change in rainfall intensity dictating the beginning and end of a time increment.
The results of several runs of the model f0r the three storms are presented in Table 11 . The initial maximum depth, Dm, lists the starting conditions for the micro-relief depth, and the final Dm is the maximum micro-relief depth at the end of the storm. The depth above which rainfall excess was accumulated, C, is listed for initial and final conditions to aid in visualizing the portion of maximum depth actually available for storage before runoff could begin.
Two conditions for the final infiltration rate. fc· of Equal ion (I OS) arc presented for two of the storms. As described previously. fc· for an initial Dm of six inches. was varied until the cumulative rain fall excess approximately equaled the recorded runoff vol umc from one of the Allerton watersheds. The fc conditions for two of the storms arc the fc values needed to calibrate the model to the runot'r from each of the two Allerton water· sheds. Storm 2 has only one fc condition because runoff records arc complete for only one watershed for that storm. Table 11 lists the maximum micro-relief storage used. the cumulative volume of infil· tration. and the cumulative volume of rainfall excess. The maximumS used is not necessarily the maximum storage available during the storm: in fact. the maximum storage available near the first of a storm was not used. The double asterisks in Table II designate those runs where the volume of rainfall excess from the model equals the volume of runoff measured from one of the two Allerton watersheds.
The effect of depression storage. as compared with no depression storage. on the volume of runoff and infiltration is affected by storm duration. The short duration storm (Storm 2) demonstrates much less reduction in runoff (increase in infiltration) than the longer duration Storms I and 3. A series of model calculations with the last 13-hour portion of Storm 1 confirmed this phenomenon when compared with Storms I and 3. As would be expected. infiltration rate has a marked effect on runoff. However. the run· off amount is reduced with increased initial maximum storage depth. The relative reduction in runoff observed by comparing between storms and between final infiltration rates is difficult to discern. Surface storage is part of a dynamic process which is dependent upon infiltration rate and storm pattern as well as many other factors.
The details of one fc condition for each of the three storms of Table I I Figures 2 through 4 also illustrate that micro-relief surface depression storage is avail· able for several abstractions from runoff with the kind of rainstorms experienced in central Illinois. Even in the case of the storm of May 27. 1955. which had two rather intense early bursts of rainfall (Figure 3 ), micro-relief storage was available for a second abstraction, thereby retarding runoff. This is in contrast to many runoff determination methods, which assume only an initial abstraction by the micro-relief surface depression.
This rainfall-runoff model calculation demonstrates the value of including the micro· relief surface depression storage as a dynamic function in a watershed model. The changes in micro-relief storage may be included in a model with a minimum of effort. as demonstrated in this example. The objectives of the study were to quantify the change in micro-relief surface depression storage during a rainfall event; to relate the changes to rainfall, hydrologic, and soil parameters; and to demonstrate how the change in micro-relief storage functions can be applied. Micro-relief measurements were made on 88 soil bin samples from four soils before and after the application of simulated rainfall. The rainfall varied from 3 to 15 inches per hour in intensity and from 10 to 50 minutes in duration. The data were analyzed separately by soil types and as a group.
Empirical relationships were developed to describe the change in micro-relief surface depression storage during a rainfall event. The surface depression storage changes were adequately described with linear equations that used basic rainfall, surface hydrology, and soil parameters and cross products of these parameters as independent variables. The dependent variables in these equations were the changes in the maximum micro-relief depth, in the micro-relief depression storage, and in the depth-storage model parameters ~and Q_.
The prediction equations may be used in a watershed model that iterates in successive time increments within discrete subareas of the watershed. A rainfall-runoff model developed for demonstration purposes was used with three storms ranging from 2.22 to 5.77 inches of precipitation and from 10.42 to 56.02 hours duration. The results of this simulation demonstrated agreement between simulated rainfall excess and measured watershed runoff and illustrated the manner in which micro-relief surface depression storage functions during a rainfall event.
